Large zinc and lead concentrations occur in strongly weathered soils of Cambisol-Ferralsol toposequences in the Paracatu-Vazante area (Central Plateau, Brazil). Weathering of the mineralized dolomite parent material of the Cambisols is hypothesized to be the geogenic source of zinc (Zn) and lead (Pb), with dissemination downslope into the Ferralsols. This leads to different metal distribution patterns in the two soils. We studied Zn and Pb distributions in selected A and B horizons of two typical profiles to examine this hypothesis and assess the contribution of sesquioxides to the retention of these metals. Physical separation into 200-2000, 50-200, 20-50 and < 20-μm size fractions in water without chemical dispersants was carried out before (F1) and after (F2) ultrasonification. The fractions were analysed for total and extractable Zn and Pb concentrations and studied by X-ray diffraction and optical microscopy. Microscale Zn and Pb distribution maps were obtained by using micro-X-ray fluorescence on thin sections. For the Cambisol, the composition, morphology and large Zn and Pb concentrations of coarse-sized F2 fractions were consistent with a geogenic metal origin. In both soils, < 20-μm fractions contained the largest amounts of Zn and Pb. In the Cambisol, this < 20-μm fraction included poorly crystalline Mn-rich material, encouraging strong Pb sorption. The Ferralsol < 20-μm fractions contained more Al-and Fe-oxide-rich microaggregates, which also enhanced strong metal retention. Large sesquioxide contents in these and similar tropical soils reduce metal mobilities. This limits the risk of toxicity when such soils, with metal contents exceeding guidelines, are used for agriculture.
Introduction
In different parts of the Central Plateau of Brazil, soils developed on dolomite limestone and metapelitic rocks display fairly large zinc (Zn) and lead (Pb) contents (Burak et al., 2010) . These are ascribed to inheritance from hydrothermal alteration and mineralization processes associated with the formation of non-sulphide and sulphide-rich Zn-Pb deposits in the source carbonate rock of the Vazante Group (Dardenne, 1979; Monteiro et al., 2007) . These rocks are located at the west side of the São Francisco Craton, and cover an area of more than 300 000 km 2 (Misi et al., Despite many geological and soil surveys, studies on the dynamics of Zn and Pb in the soils of the Central Plateau region are rare. However, developing agriculture and livestock farming constantly require the exploitation of new land areas, including those soils with large natural contents of heavy metals, which sometimes exceed current Brazilian guidelines (Companhia de Tecnologia de Saneamento Ambiental de Brasil, CETESB, 2005) . Burak et al. (2010) reported large regional variability of metal contents in soils in an area covering more than 15 000 km 2 , developed from different geological formations. These authors noted that 7% of 237 soil samples showed Pb concentrations larger than the cautionary limit for Brazilian soils (72 mg kg −1 ) and 3% of the samples had Pb concentrations larger than the intervention limit (180 mg kg −1 , CETESB, 2005) . Such large Zn and Pb concentrations mainly occurred in soils near carbonatehosted Zn-Pb deposits. Ferralsols occupied almost 40% of this area of about 1000 km 2 , whereas Cambisols on the dolomitic outcrops occupied only small areas, but are important as sources of dissemination of these metals into surrounding soils. Insight into the origin and fate of heavy metals in soils can be obtained from their spatial distribution patterns at a micrometre scale (Semlali et al., 2001; Labanowski et al., 2007) . Highly reactive metal-accumulating soil components include different forms of iron and manganese oxides and hydroxides, such as concretions, nodules, soft nodules, fine grained aggregates, mottles and coatings (McKenzie, 1989; Latrille et al., 2001; Manceau et al., 2003; van Oort et al., 2006 van Oort et al., , 2008 . Such ironrich components are major constituents of soils formed under humid tropical weathering. Physical fractionation, based on the size and/or density of soil components, and subsequent chemical analysis of separated fractions can be used to study metal distributions at a microscale. These techniques differentiate metalaccumulating soil phases and compartments, such as organic and mineral components, aggregates and soil fabrics (Ducaroir & Lamy, 1995) . In combination with X-ray diffraction (XRD) and optical microscopy, techniques based on physical fractionation elucidate the constitution, micro-organization and elemental distribution patterns in soil horizons, and the incorporation and redistribution dynamics of metals.
The present work aimed to (i) examine whether Zn and Pb microscale distribution patterns in the Cambisol-Ferralsol sequence were compatible with the hypothesis of a geogenic metal origin in dolomitic limestone parent rock of the Cambisol and their dissemination into the Ferralsols and (ii) assess the role of sesquioxides in Zn and Pb retention. We selected a characteristic Cambisol-Ferralsol soil pair, based on a previous geochemical soil survey (Burak et al., 2010) .
Materials and methods

Study area
The study soils were located in Paracatu-Vazante, (Minas Gerais State, Brazil), an area characterized by large soil concentrations of Zn and Pb. In this region, mineralized dolomitic limestone of the Vazante Group hosts the greatest Zn-Pb deposits in South America (Monteiro et al., 2007) . The mineral reserves of the two mined deposits, Vazante and Morro Agudo, are estimated at 18 Mt (containing mainly high-grade zinc silicate, willemite) with about 23% Zn and 8 Mt containing 6.3% Zn and 2.2% Pb, respectively (Teixeira et al., 2007) . The tectonic setting, geological framework and mineral deposits of the Vazante Group were extensively studied by Dardenne (1979) , Misi et al. (2005) , and Monteiro et al. (2007) . The local geomorphology and macroand meso-spatial distribution of heavy metal concentrations in soils developed on the different geological formations, including those in the Paracatu-Vazante region, were surveyed by Burak et al. (2010) . In surrounding areas, Marques et al. (2004b) reported data on trace element composition in sedimentary rocks, including pelitic rocks, which showed particularly small Zn and Pb concentrations, 22 ± 9 and 9 ± 6 mg kg −1 , respectively.
Based on the survey of Burak et al. (2010) and precipitation of about 1450 mm. Surface, transitional and subsoil horizons were described in large soil pits, and bulk samples of several kilograms were collected from all horizons, airdried, sieved to < 2 mm and stored before analyses. Undisturbed samples were collected for preparation of thin sections.
Soil analyses
Total metal element concentrations in samples were determined in three replicates after two stages of microwave digestion of 0.5 g sample with 9 ml concentrated HNO 3 and 3 ml concentrated HF, first with a progressive temperature increase up to 170 • C at maximum power of 350 W for 15 minutes and then at 180
• C for 5 minutes (Fernandez et al., 2008 ) using a MarsXpress microwave oven (CEM corporation, Matthews, NC, USA). Diethylene triaminopentaacetic acid (DTPA) extraction was used to determine the available fractions of the metals (Lindsay & Norvell, 1978) . Concentrations of Zn and Pb were determined by flame atomic absorption spectroscopy (FAAS 220, Varian, Mulgrave, Victoria, Australia) and concentrations of aluminium (Al), iron (Fe) and manganese (Mn) by inductively coupled plasma atomic emission spectrometry (ICP-AES, Perkin-Elmer Optima 3300 TV; Perkin-Elmer, Norwalk, CT, USA). The accuracy of the analytical determinations was verified by assaying certified reference samples: Buffalo River Sediment (SRM 2704), San Joaquin Soil (SRM2 700), Lake Sediment (LKSD-1) (NIST, Gaithersburg, MD, USA) and CRM 7001 (CMI, Prague, Czech Republic), after tri-acid digestion in a microwave oven. The clay fractions of bulk samples of the two soils were extracted after chemical dispersion. The proportions of kaolinite and gibbsite were quantified by thermo-gravimetric analysis (TGA) with a Netzsch-STA-409 apparatus (Netzsch, Selb, Germany). The amounts of free and amorphous Fe and Mn were determined after extractions with dithionite-citrate-bicarbonate (DCB, Mehra & Jackson, 1960) and ammonium oxalate (McKeague & Day, 1966) , respectively.
Physical fractionation and analyses
Size fractionations of carefully quartered, < 2-mm subsamples of bulk soil horizon samples were carried out in water to study the mass distribution of Zn and Pb in different soil size fractions. No chemical dispersants were added, in order to minimize redistribution of metal elements. Fifty grams of soil were dispersed by agitation for 16 hours in 180 ml water with glass beads, as described by Balesdent et al. (1991) and Ducaroir & Lamy (1995) . The resulting suspension was sieved to separate four sizefractions: 200-2000, 50-200, 20-50 and < 20 μm, referred to as Fractionation 1 (F1) (Figure 1 ). The < 20-μm fraction included the fine silt and clay fractions, and was studied here as one entity. This choice was linked to the strong micro-aggregation of these size classes in the strongly weathered soils, resulting from the presence of bonding sesquioxides and flocculation by large amounts of trivalent cations. This makes the separation of fine silt and clay impossible without the use of chemical dispersants.
In a second step of the fractionation, a portion of each of the F1 > 20-μm fractions was dispersed ultrasonically with Deltasonic-1320 equipment (Aerosec, Fécamp, France) for 45 minutes at 28 kHz, corresponding to 500 J ml −1 power. The disaggregated material was then recovered on a 20-μm mesh sieve. Thus, a second series (F2) of fractions were produced: 200-2000, 50-200 and 20-50 μm and three related recovered F2 < 20-μm fractions (Figure 1 ). Within the F2 200-2000-μm sand fraction, an additional separation was performed by sieving at 1000 μm. The four dominant minerals of rounded quartz, irregular silcrete, micaceous sand grains and iron-manganese nodules were distinguished, from their morphology, colour, shine and size in the 1000-2000-μm fraction, and collected by handpicking under a binocular microscope. Their proportional mass-percentages were calculated with respect to the total mass of the 1000-2000-μm fraction. Total element concentrations in each of the fractions were determined by the same methods as for bulk soil.
Mineralogical analyses were performed by XRD on ground powder samples of the F2 20-50-μm, of the F2 < 20 μm derived from the F1 20-50-μm fractions of B horizons of both soils, and of the 1000-2000-μm handpicked minerals, using D5000-Kristalloflex equipment (Siemens, Karlsruhe, Germany), with Co-Kα radiation and operating at 40 kV, 30 mA. Disaggregation and effectiveness of ultrasonic treatment for the silt and sand fractions was controlled with a Wild M3Z binocular microscope with a resolution of 35-400 X (Wild, Heerbrugg, Switzerland), coupled to an Olympus digital camera (Olympus, Tokyo, Japan).
Micromorphology and μ-XRF of undisturbed soil thin sections
Undisturbed samples were collected in hard cardboard boxes (7 × 7 cm) and impregnated under vacuum in a polyester resin. One thin section of 30-μm thickness was prepared for each horizon, according to the methods of FitzPatrick (1970) , with a polyester resin 'Synolith 544' (Euroresins Benelux BV, Budel, the Netherlands). The nature, morphology and micro-fabrics of soil constituents were studied with a petrographic Nikon Eclipse E400 polarizing light microscope (Nikon, Tokyo, Japan) using Newport Spectra-Physics, Evry, France) and the spectra acquisition recorded with a GENIE-2000 program (Canberra © , Canberrea france, Montigny-le-Bretonneuax, France). Finally, elemental distribution maps were generated using Origin © (Microcal Software Inc., Northampton, MA, USA).
Results
Macro-morphology
The shallow Cambisol had a clay loam fine earth texture throughout, with rock fragments occurring mainly below 40 cm (Table 1 ). The A horizon displayed a weak to moderate medium subangular blocky structure, becoming weak to moderate fine subangular blocky in the sub-surface horizons. The Ferralsol was deeply weathered with a clay texture. The A horizon showed a moderate fine subangular blocky structure, and a fine to very fine granular microstructure, typical for Ferralsols, was observed only in the Bo2 and Bo3 horizons. Soil colour varied little between horizons, but Bo horizons had larger chroma values, concomitant with the largest iron contents.
Chemical features of bulked soils
Both soils were slightly acid in the topsoil and more acid at depth (Table 1) , and had about 1% organic carbon in the surface horizons, which decreased rapidly with depth, notably to 0.1-0.2% in the Ferralsol Bo horizons. Total Mn contents in the Cambisol were about three-to four-fold larger than in the Ferralsol. Total and DTPA-extractable concentrations of Mn, Zn and Pb were generally larger in the Cambisol than in the Ferralsol ( Table 2 shows the amounts of kaolinite and gibbsite and the concentrations of free and amorphous Fe and Mn, determined on clay fractions that were additionally extracted after chemical dispersion. The Ferralsol had larger amounts of kaolinite, increasing to about 60% in the Bo horizons, but proportions of gibbsite were similar (about 8-10%) in both soils. These mineralogical data underline the highly weathered character of the Ferralsols. Larger DCB-extractable Fe concentrations were found in the Ferralsol, but DCB-Mn concentrations in the Cambisol were about two-fold larger than in the Ferralsol. The oxalate-extractable Fe concentrations were small (≤ 2%, Table 2 ) but the amount of oxalate-extractable Mn was important in the Cambisol: about 65-70% of free Mn was present as amorphous compounds.
Based on soil structure and geochemical consistency with depth, we selected the surface Ap horizons of both profiles, the Cambisol Bw and Ferralsol Bo2 horizons, for a detailed study of Zn and Pb distributions.
Size fractions
Distribution. The distribution of size fractions obtained by the F1 physical fractionation in water showed that the < 20-μm fraction was the largest (40-55%) in both soils, with Bo2Ferral> ApFerral> BwCamb> ApCamb (Figure 2 ). The contributions from the coarser fractions decreased with increasing size, from coarse silt (25-30%) to coarse sand (7-10%). These results from dispersion in water slightly diverge from the soil texture data in Table 1 (Figures 3c, 4a , spectrum C) and iron-manganese concretions (Figures 3d, 4a , spectrum D). Hematite and quartz were observed in iron concretions, and mica and quartz in micaceous sands. Quartz occurred as transparent, rounded grains and as more angular, irregular silcrete, and accounted for 88-98% of the 1000-2000-μm fraction. Sand-sized iron-manganese concretions and micaceous minerals were present in minor amounts. These minerals were more abundant in the Cambisol (about 5%) and were only occasionally observed in the Ferralsol. In the Cambisol, the iron oxide fraction included a consistent proportion of coarse-sized, iron pseudomorphs after cubic crystal clusters (Figure 3e ), which were probably the alteration products of sulphide metal ores such as galena, sphalerite or pyrite. Hematite inclusions were observed in the rounded quartz grains (Figure 3f ), indicative of hydrothermal events (Binns, 2006) , but not in the pedogenic silcrete. Effects of ultrasonification on the 20-50-μm fractions, checked under the optical microscope and by XRD, were similar for all samples. Sonification of the Bw horizon of the Cambisol caused the disappearance of dark reddish-brown colouration (Figure 3g-i) . This is ascribed to the removal from the F1 20-50-μm fraction of Fe-Mn-rich mineral material: oxide-precipitates on quartz grains, micronodules and/or microaggregates (Figure 3h ). In the Bo2 of the Ferralsol, rounded, orange to reddish lightcoloured microaggregates were less abundant after sonification (Figure 3j-l) .
The XRD patterns indicated predominant quartz in the F2 20-50-μm fraction (Figure 4b , spectra A, C). In the F2 < 20-μm fraction, recovered from the F1 20-50-μm fractions, only traces of quartz were found, mica and kaolinite were detected in both soils, goethite and gibbsite were detected only in the Ferralsol, but no hematite was found (Figure 4b, spectra B, D) .
Zn and Pb concentrations. Total Zn and Pb concentrations measured in both the F1 and F2 fractions ( Figure 5 ) were generally larger in the Cambisol than in the Ferralsol, notably for coarse fractions. The largest concentrations were found in < 20-μm fractions for both soils. For Zn, the concentrations of the < 20-μm fraction varied from about 600 mg kg After ultrasonification, metal concentrations decreased consistently in > 20-μm fractions, indicating that Zn and Pb were mostly ( Figure 5d ).
Concentrations of Zn and Pb in the F2 1000-2000-μm fractions were generally larger in the Cambisol than in the Ferralsol (Table 3) , but showed large differences between the different minerals: very small for rounded quartz, small for silcrete minerals and large for micaceous sand grains in the Cambisol (250 mg kg −1 Zn and 120 mg kg −1 Pb). There was very little unweathered micaceous sand in the Ferralsol (insufficient material for analyses of Zn and Pb). Very large concentrations were observed in FeMn-concretion sand grains in the Cambisol, notably for the 
Metal distribution patterns determined by μ-XRF on undisturbed soil samples
Thin sections of the Bw horizon of the Cambisol showed a porphyric pattern (Stoops, 2003) , with coarse grains of quartz, micaceous sand and Fe/Mn-iron oxides embedded in a reddish fine-textured, micro-aggregated groundmass (Figure 7a ). Frequently, thin coats of Fe and Mn oxide-rich material were observed on skeleton grains. Micro-XRF mappings of Mn, Fe, Zn and Pb distributions in a 1.5 × 1.0-mm area of the thin section showed similar distribution patterns for Mn and Pb, with localized occurrences, whilst distributions of Fe and Zn were more diffuse (Figure 7b ). The distribution of Pb coincided with black opaque sand-or coarse silt-sized Mn-oxide particles (Figure 7a ), whereas Fe and Zn distributions corresponded for Fe, with large concentrations in the iron nodule, and smaller concentrations in the groundmass (Figure 8b ). Zinc was more diffusely distributed, and the overall correlation coefficient r Zn/Fe was 0.61 (P < 0.0001) (Figure 8c ), increasing to r Zn/Fe = 0.67 (P < 0.0001), when restricting the analysis to the microaggregated groundmass outside the iron nodule. In contrast, no correlation of Zn with Fe was observed (r Zn/Fe < 0.1) within the iron nodule. The largest Zn concentrations occurred at the outer skin of the nodule. For Mn and Pb, no distinct patterns were observed, indicating their diffuse distribution in the groundmass.
Discussion
Metal-bearing source fractions
The regional background levels for Zn and Pb in Ferralsols are estimated at about 45 and 40 mg kg −1 , respectively (Burak et al., 2010) . The Zn concentration was about five-fold and Pb about two-fold larger in the Ferralsol that we studied, and Zn and Pb concentrations were even larger in our Cambisol (Table 2) and exceeded the CETESB (2005) guidelines (300 mg kg −1 Zn and 72 mg kg −1 Pb). In the absence of major anthropogenic metal inputs in these soils, these large concentrations indicate a geogenic origin. In the study area, carbonate rocks of the Ambrósia and Fagundes deposits were reported to be affected by hydrothermal alteration, leading to substitution of Ca/Mg in dolomite by Pb and intergrowth of sphalerite/galena minerals, as well as an intense silicification and formation of interstitial fine-grained quartz (Monteiro et al., 2007) . In our work, there was no direct evidence of the sulphides, ZnS or PbS, in the Cambisol parent material. However, the common occurrence of iron pseudomorphes after cubic crystal clusters (Figures 3e, 7d ) in the Cambisol strongly suggests their origin as a past alteration of sulphide minerals. Moreover, quartz with hematite inclusions (Figure 3f ) is consistent with silicification/secondary hematite intergrowth (Monteiro et al., 2007) . Metal concentration distributions in F2 > 50-μm fractions, represent about 10-15% Zn, but reach 25-30% Pb in both soils, and are consistent with an inheritance hypothesis for the Zn and Pb-bearing minerals in coarse fractions. In 1000-2000-μm fractions of the Cambisol, the largest concentrations of Zn and Pb were in iron-manganese pseudomorphs (Table 3) . Their typical angular cubic cluster morphologies indicate that such FeMn nodules cannot result from pedogenetic accumulation, but are inherited from initial alteration in the dolomitic parent rock. Such findings were confirmed by μ-XRF elemental mappings (Figure 7) , and underline the close relationships between Fe, Mn, Zn and Pb in such inherited nodules of coarse-sand-sized, but also of silt-sized, grains in the Cambisol. During pedogenesis, Zn and Pb are transiently labile in the soil solution after weathering and subsequently sequestered by reactive fine soil phases, preferentially by sesquioxides. Because of erosion from dolomitic outcrops, located on the upper slopes, such metalbearing soil material is disseminated downward and progressively incorporated into the Ferralsols. In the study region, dolomites with iron and manganeserich nodules were reported by Monteiro et al. (2007) . Their morphology and large Zn and Pb concentrations indicate that the formation of the nodules and pseudomorphs probably relates to hydrothermal mineralization. Few other previous studies have highlighted the role of inherited Fe/Mn concretions as a primary source of trace metals in soils. Latrille et al. (2001) reported very large heavy metal contents in iron-manganese nodules inherited from the alteration of Sinemurian limestone in Burgundy. Iron, Mn and Pb-rich components were identified by XRD as manganesesubstituted plumbojarosite (F. van Oort, personal communication) in Technosols on mine spoils from ore veins in dolomite in the Cevennes region.
Metal-accumulating target fractions
Intensive soil weathering under humid tropical conditions often leads to the formation of Ferralsols, which contain a coarse fraction of mainly weathering-resistant soil constituents (quartz), and fine fractions of stable secondary minerals such as 1:1 phyllosilicates (kaolinite) and iron and aluminium oxides (Fontes & Weed, 1991) . Because of its small electronegative charge, kaolinite is unimportant for metal sorption (Gu & Evans, 2008) , whereas the Fe-, Al-and to a lesser extent Mn-oxides are major secondary metal-bearing minerals (Singh & Gilkes, 1992; Becquer et al., 2006) . In our work, about 91-94% of total Zn and Pb in the Ferralsol and 85-90% of Zn and 70-75% of Pb in the Cambisol occurred in the < 20-μm fractions. Comparison of Zn and Pb concentrations of the < 20-μm fractions, before and after sonification, gave enrichment factors of 0.6-1.3 for Zn and 1.1-2.6 for Pb (Table 4) , pointing to some Pb-enrichment of coatings and/or dispersed material in microaggregates.
For the Cambisol, sonification disaggregated consistent amounts of iron-and manganese-rich fine materials, such as oxideprecipitates on quartz grains, and micronodules and/or microaggregates. This explains the reduction of dark-red colours on sand grains (Figure 3g-i) and the large Zn and Pb concentrations in recovered F2 < 20-μm fractions. Dark-coloured concretions and nodules generally contain more Mn than lighter-coloured ones (Stoops, 2003) . For the Cambisol Bw horizon, large metal enrichments in F2 < 20-μm fractions gave an EF 5.5 for Mn (data not shown) and an EF 2.5 for Pb in the 20-50-μm fraction (Table 4) . Correlation (n = 6) between total major elements extraction and Pb and Zn in recovered F2 < 20-μm fractions of Cambisol confirmed such preferential Mn-Pb associations (r Pb/Mn−total = 0.98, P < 0.001) whereas Zn and Mn were poorly correlated (r Zn/Mn−total = 0.38, P = 0.38) as were the pairs Fe-Pb, Fe-Zn, Al-Pb and Al-Zn (correlations P > 0.1). Additionally, only Pb was well correlated with the poorly crystalline manganese in F2 < 20-μm fractions (r Pb/Mn−oxa = 0.96, P < 0.002), whereas the pairs Pb-Fe-ox, Zn-Mn-ox and Zn-Fe-ox had correlations of P > 0.1. The large oxalate-extractable Mn proportion (about 70%, Table 3 ) indicates that most Mn in the Cambisol was as disordered, poorly crystalline Mn-oxides in the fine groundmass and/or coated and infilling on quartz grains and/or cementing Mn-Fe nodules (Figure 7a) . These results suggest a pedological origin for the strong Pb-Mn associations in dispersible mineral coatings, microaggregates and poorly crystalline Fe-Mn nodules. In contrast, the Zn and Pb associations in more resistant, crystalline Fe-Mn nodules are ascribed to inheritance from the mineralized parent rock.
Manganese oxide coatings often display a reduced crystallization and have greater specific surface when compared with Mn-oxide minerals (Boonfueng et al., 2005) . Manganese oxides are often included among the most efficient metal-scavengers in soils (Manceau et al., 2003; Boonfueng et al., 2005) . McKenzie (1989) estimated the Pb sorption on synthetic Mn-oxides to be 40 times greater than on synthetic Fe-oxides. In surface horizons, the greater affinity of Pb for organic matter is often used to explain its restricted mobility in soils. Poor correlations were observed in fine F2 < 20-μm fractions of both soils for Zn and Pb with organic carbon (Burak, 2008) . Leaching of Pb is generally limited to minor colloid-facilitated transfers, in association with Fe or Mn-oxides (Citeau et al., 2003) , and its accumulation at > 1-m depth was attributed to the precipitation of such metal-bearing colloids (van Oort et al., 2006) .
In the Ferralsol, larger Fe and Al concentrations were found in the F2 < 20-μm fractions than in the Cambisol as well as larger EF (1.1-1.3 and 1.0-1.2, respectively, data not shown). The F2 < 20-μm fractions consisted mainly of stable, oxide-rich microaggregates. Heavy metals, originating from geogenic contamination by dissemination from weathered dolomitic outcrops, associate preferentially with Al-and Fe-oxides in the Ferralsols (Vollant-Tuduri et al., 2004) . Furthermore, the surfaces of the microaggregates are more favourable for metal sorption from water leaching laterally from the dolomite. Such spatial differentiation is consistent with the observed large Zn and Pb enrichment factors in the F1 20-50 μm-derived F2 < 20-μm fractions (Table 4 ). In addition, physical inaccessibility may also explain the distribution of heavy metal accumulating inside stable microaggregates, and account for the large Zn and Pb concentrations in the F2 20-50-μm fractions. Such physical protection could be important in the non-dissemination of Pb and Zn immobilized into the interiors of microaggregates, which is confirmed by the very poor DTPA extractability that was observed (< 1% for Zn, < 6% for Pb).
Conclusions
The Zn and Pb concentration distributions in soil horizons of a Cambisol-Ferralsol sequence in the Brazilian Central Plateau are compatible with a geogenic metal source, originating from the weathering of mineralized dolomite. Combined chemical, XRD and optical microscopy of different size fractions obtained by physical fractionation in water, together with μ-XRF elemental mapping on undisturbed soil thin sections, provided evidence for the hypothesis of geogenic metal origins. Typical microaggregated structures with large oxide contents provide favourable conditions for strong retention of Zn and Pb and limit their dissemination into a wider environment. Ultrasonification of coarse soil fractions produced additional fine < 20 μm material with large Zn and Pb concentrations. These findings explain the role of fine, oxide-rich micro-aggregated soil material in metal-accumulation. In contrast, sand fractions are predominantly composed of quartz and silcrete with small Zn and Pb concentrations. However, in the Cambisol, the coarse sand fraction included a significant proportion of iron and manganese pseudomorph concretions with very large Zn and Pb concentrations. These differ from those in the < 20-μm fraction, where Pb, especially, is associated with easily dispersible Mn-rich poorly crystalline compounds. Hence, soil formation processes lead to Mn-rich microstructures and pedofeatures favouring Pb retention in the Cambisol and to stable, Aland Fe-oxide-rich microaggregates containing large amounts of strongly bound Zn and Pb in the Ferralsol. These poor mobilities and bioavailablities because of sorption on different types of sesquioxides reduce the risk of Zn and Pb toxicities in these soils.
